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ABSTRACT Femtosecond time-resolved transient absorption spectroscopy was employed to characterize for the first time
the primary photoisomerization dynamics of a bacterial phytochrome system in the two thermally stable states of the
photocycle. The 85-kDa phytochrome Cph1 from the cyanobacterium Synechocystis PCC 6803 expressed in Escherichia coli
was reconstituted with phycocyanobilin (Cph1-PCB) and phycoerythrobilin (Cph1-PEB). The red-light-absorbing form Pr of
Cph1-PCB shows an 150 fs relaxation in the S1 state after photoexcitation at 650 nm. The subsequent Z-E isomerization
between rings C and D of the linear tetrapyrrole-chromophore is best described by a distribution of rate constants with the
first moment at (16 ps)1. Excitation at 615 nm leads to a slightly broadened distribution. The reverse E-Z isomerization,
starting from the far-red-absorbing form Pfr, is characterized by two shorter time constants of 0.54 and 3.2 ps. In the case
of Cph1-PEB, double-bond isomerization does not take place, and the excited-state lifetime extends into the nanosecond
regime. Besides a stimulated emission rise time between 40 and 150 fs, no fast relaxation processes are observed. This
suggests that the chromophore-protein interaction along rings A, B, and C does not contribute much to the picosecond
dynamics observed in Cph1-PCB but rather the region around ring D near the isomerizing C15AC16 double bond. The primary
reaction dynamics of Cph1-PCB at ambient temperature is found to exhibit very similar features as those described for plant
type A phytochrome, i.e., a relatively slow Pr, and a fast Pfr, photoreaction. This suggests that the initial reactions were
established already before evolution of plant phytochromes began.
INTRODUCTION
Phytochromes are photochromic photoreceptors that were
first discovered in plants where they control numerous
photomorphogenetic processes such as development of the
photosynthetic apparatus, shade avoidance, and the induc-
tion of flowering (Chory et al., 1996; Casal et al., 1998;
Smith, 1999). Plant phytochromes consist of an 120-kDa
apoprotein with a covalently linked open-chain tetrapyrrole
chromophore, usually phytochromobilin (PB). Concern-
ing functional aspects the holoprotein can be divided into
two parts, the N-terminal moiety containing the chro-
mophore binding site and the elements for photoactivity and
the C-terminal moiety, which is regarded as the module for
dimerization and signal transduction (Quail et al., 1995). All
phytochromes have two thermally stable forms, namely, the
red-absorbing form Pr (max  670 nm) and the far-red-
absorbing form Pfr (max  730 nm). Pr and Pfr are inter-
converted by photo-induced Z-E and E-Z isomerization
reactions, respectively, around the chromophore C15AC16-
methine bridge (Ru¨diger et al., 1983; Thu¨mmler and Ru¨di-
ger, 1983; Schaffner et al., 1990). The dynamics of the
primary Pr and Pfr photoreactions of plant phytochrome A
have been studied by transient absorption and time-resolved
fluorescence spectroscopy. For the Pr3Pfr photoreaction,
the formation of the first intermediate electronic ground
state is described mostly by time constants between 10 and
60 ps (Holzwarth et al., 1984, 1992; Kandori et al., 1992;
Savikhin et al., 1993; Andel et al., 1997; Rentsch et al.,
1997; Bischoff et al., 2001; Mu¨ller and Holzwarth, Max-
Planck-Institut fu¨r Strohlenchemie, Mu¨lheim, personal
communication), but shorter as well as longer time con-
stants have also been reported (Holzwarth et al., 1984, 1992;
Bischoff et al., 2001). In addition, very fast relaxation
processes on the time scale of up to a few hundred femto-
seconds have been found (Bu¨chler et al., 1995; Bischoff et
al., 2001; Mu¨ller and A. Holzwarth, Max-Planck-Institut fu¨r
Strohlenchemie, Mu¨lheim, personal communication). The
reverse Pfr3Pr photoreaction is faster and is described as a
biexponential process with 0.4–0.6 and 2–3 ps time con-
stants (Mu¨ller and Holzwarth, Max-Planck-Institut fu¨r
Strohlenchemie, Mu¨lheim, personal communication;
Bischoff et al., 2001). The respective reaction products, Pfr
and Pr, are formed on the millisecond time scale by ther-
mally driven reactions via various intermediate states of the
chromophore-protein complex. Although it seems clear that
the process of signal transduction is initiated by the primary
photoreactions of Pr and Pfr, respectively, only little is
known about the mechanisms, e.g., protein conformational
changes, that associate phytochrome photoconversion with
physiological functions. This is partly due to the lack of a
three-dimensional structural model of phytochrome on an
atomic level.
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The discovery of prokaryotic phytochromes and phyto-
chrome-like proteins has shed new light on this group of
photoreceptors. The diversity of phytochrome-homologous
motifs is much greater than in the plant world, and it is
generally accepted that plant phytochromes originate from
prokaryotic predecessors. Among the prokaryotic phyto-
chrome-like sequences, the 85-kDa phytochrome Cph1
from the cyanobacterium Synechocystis PCC 6803 is
closely related to the plant phytochrome group. After ex-
pression in Escherichia coli (Hughes et al., 1997; Yeh et al.,
1997; Lamparter et al., 1997), the apoprotein Cph1 can be
assembled autocatalytically with phycocyanobilin (PCB),
phycoerythrobilin (PEB) (Fig. 1), or PB to yield a func-
tional chromoprotein. In the natural host Synechocystis,
Cph1 is associated with PCB (Cph1-PCB) (Hu¨bschmann et
al., 2001). Compared with PB, PCB lacks one double
bond in the C2 side chain in ring D. Accordingly, PCB
adducts have blue-shifted absorbance maxima relative to the
PB adducts. The absorption maximum of recombinant
Cph1-PCB in its Pr form is at 656 nm (extinction coefficient
85,000 M1 cm1 (Lamparter et al., 2001)) and in the Pfr
form at 703 nm (both 12-nm blue-shifted in comparison
with Cph1-PB (Lamparter et al., 1997)). Cph1 is a histi-
dine kinase involved in two-component signaling (Yeh et
al., 1997; Lamparter et al., 2001). Autophosphorylation of
the PCB-adduct and transphosphorylation of the response
regulator Rcp1 are stronger for the Pr form of Cph1, al-
though in plant phytochromes Pfr is considered to be the
physiologically active form (Yeh et al., 1997; Hughes and
Lamparter, 1999). Due to its evolutionary relation to plant
phytochromes and its advantageous molecular-biological
handling properties, Cph1 is a promising system for studies
of chromophore assembly, photoconversion, and signal
transduction as well as offering an attractive starting point
for crystallization for the purpose of x-ray diffraction and
structural modeling, serving as a model system for the
phytochrome family.
The Cph1-PCB photocycle has been studied by various
spectroscopic techniques, including nanosecond time-re-
solved flash photolysis and steady-state Fourier transform
resonance Raman (FT-RR) studies (Remberg et al., 1997),
low-temperature fluorescence (Sineshchekov et al., 1998),
UV-VIS, and Fourier transform infrared (FTIR) measure-
ments (Foerstendorf et al., 2000) as well as protonation
studies (van Thor et al., 2001). Thus, information on the
reaction dynamics as well as on structural properties of the
chromophore was obtained.
In this paper, the primary photoreaction of Cph1-PCB is
investigated by femtosecond time-resolved absorption spec-
troscopy. These are the first femtosecond studies of a pro-
karyotic phytochrome. With pulses shorter than 50 fs, the
decay of the excited electronic state of the chromophore as
well as the decay of the Franck-Condon state, populated by
the initial electronic excitation, can be studied in real time.
Kinetic models are presented and compared with the corre-
sponding results for plant phytochrome, as described in the
literature. The extent to which analogies to the primary
reaction dynamics of phytochrome A from plants exist are
highlighted.
The photo-induced dynamics of Cph1 reconstituted with
PEB (Fig. 1) were also studied. In Cph1-PEB the chro-
mophore C15AC16 double bond is replaced by a single bond
and photoisomerization is inhibited. By comparison of the
results for Cph1-PCB with those for Cph1-PCB, effects due
to chromophore isomerization alone can be extracted.
MATERIALS AND METHODS
Sample preparation
Phytochrome Cph1 from cyanobacterium Synechocystis PCC6803 (open
reading frame slr0473) was obtained by expression cloning in E. coli
(Lamparter et al., 1997). Assembly of the apoprotein with chromophores
PCB and PEB was performed as described earlier (Lamparter et al., 1997,
FIGURE 1 (A and B) Structure of phycocyanobilin (PCB) in ZZZ (A)
and ZZE (B) configuration; (C) Structure of phycoerythrobilin (PEB).
Shown are schematic views of potential chromophore structures when
bound to the protein via a cysteine-residue at ring A.
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2001; Remberg et al., 1997). The buffer solution used in these experiments
was 50 mM Tris, 5 mM EDTA, and 300 mM NaCl at pH 7.8.
The sample concentration was set to0.4 OD in the spectral maximum of
Pr at a path length of 1 mm. The cuvette was sealed with two glass windows
(BK7). Because the experiment runs at a repetition rate of 1 kHz, it had to be
ensured that predominantly ground-state Pr (Pfr) and no intermediate species
were hit by the pump and the probe laser pulses. This was achieved first by
rotating the cuvette and moving it up and down perpendicular to the laser
beams. Thereby, on average, a given sample volume was excited every 2 s by
a laser pulse. Further, appropriate background illumination was applied to
assure quantitative photo-induced backreaction; during experiments on the Pr
form, background illumination with   715 nm was applied, and for exper-
iments on Pfr a HeNe laser at 632 nm was used. To check for sample
degradation, steady-state absorption spectra were taken before and after the
experiments. Additionally, during the experiment, steady-state absorption
spectra were taken (in situ, under experimental radiation exposure) at negative
delay times between pump and probe pulses; no spectral changes were ob-
served as compared with spectra taken before the experiments. All experi-
ments were performed at room temperature.
Transient absorption
Independently tunable short pump (excitation) and probe pulses were gener-
ated by nonlinear optical processes driven by light pulses (160 fs FWHM, 775
nm, 1 kHz repetition rate) from a titanium-sapphire laser system (CPA 2000,
CLARK-MXR, Dexter, MI). Excitation of the sample was performed by
pulses of a noncollinear optical parametric amplifier (NOPA) (Wilhelm et al.,
1997), tunable between 450 and 750 nm. For experiments in the picosecond
time regime, probe pulses were provided by a white light continuum, generated
by focusing a weak (1–2 J) pulse of the laser fundamental at 775 nm into a
sapphire plate of 3 mm path length. This set-up allowed a convenient wave-
length tuning of the probe light at some expense of time resolution. The typical
width of the instrumental response function (IRF: cross-correlation of pump
and probe pulse) was 120 fs (FWHM). For experiments in the femtosecond
time regime the probe pulses were generated by a second NOPA, resulting in
an IRF of typically 45 fs FWHM. For the experiments on Cph1-PCB-Pfr, both
excitation and probe pulses were provided by a white light continuum with an
IRF of 500 fs FWHM. The IRF was controlled and measured in all exper-
iments by autocorrelation, cross-correlation, or spectrally resolved Kerr exper-
iments. All experiments except those on the Pfr photoreaction were performed
at the magic angle between excitation and probe pulse polarization.
After transmitting the sample, the probe pulses were dispersed in a
monochromator and detected by a photodiode. The pump-induced differ-
ential absorbance was derived by lock-in amplification of the photodiode
signal and chopping the pump beam at half the system repetition rate.
RESULTS
Primary photoreaction of Cph1-PCB-Pr
Cph1-PCB-Pr was excited at 650 nm, i.e., close to the
absorption maximum (at 656 nm) and at 615 nm in the
high-energy shoulder of the ground-state absorption spec-
trum. Transient absorbance changes were recorded in the
range between 590 and 770 nm up to 500 ps after photo-
excitation with high time resolution.
Picosecond time regime
In Fig. 2, kinetic data of Cph1-PCB-Pr are shown as sets of
absorbance difference spectra at various delay times be-
tween pump and probe laser pulses, with excitation at 650
(top) and 615 nm (bottom). To facilitate the interpretation of
the spectral features, the inverted stationary ground-state
absorption spectrum (GSA, dashed line) and the 3-cor-
rected stationary fluorescence (dotted line) spectrum of
Cph1-PCB-Pr (Sineshchekov et al., 1998) are displayed as
well. At early delay times the difference spectrum exhibits
a strong negative band around 670 nm and a weak positive
band below 640 nm. The overall signal decays on a time
scale of 20–40 ps, without significant change of spectral
shape. From visual inspection it is reasonable to regard the
transient difference spectra as a superposition of (negative)
ground-state bleach, (negative) stimulated emission (SE),
and (positive) excited electronic state absorption (ESA).
Especially, SE contributes significantly to the long wave-
length part of the difference spectra, whereas ESA cancels
partly the short wavelength part of the ground-state bleach
and dominates below 640 nm. Other contributing interme-
diate states, e.g., a reaction product in the electronic ground
state, cannot be identified readily. However, it should be
noted that with excitation at 615 nm the transient negative
band in Fig. 2 is slightly broader than with excitation at 650
nm. After 300 ps, the difference signal has decayed almost
to zero, showing positive sign around 700 nm and negative
sign around 665 nm. Taking into account a forward reaction
quantum yield of 15% for Cph1-PCB-Pr (Lamparter et al.,
1997), this indicates already that the spectrum of the first
electronic ground-state photoproduct of Cph1-PCB-Pr
shows strong overlap with the Pr electronic GSA.
Initially, kinetic analysis of the transient difference ab-
sorption curves was carried out at individual probe wave-
FIGURE 2 Transient absorption-difference spectra of Cph1-PCB-Pr af-
ter excitation at 650 nm (top) and 615 nm (bottom). Spectra are shown at
various delay times: 300 fs f, 1.2 ps E, 5 ps Œ, 20 ps ƒ, 80 ps, and 300
ps . For comparison (top) the Cph1-PCB-Pr ground state absorption
spectrum (– – –) and the 3-corrected fluorescence spectrum (  ) are
included.
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lengths. Then, the data were analyzed globally. For the
latter, two fit models were employed and tested. Model I
(Eq. 1) describes the observed absorption difference
	A(t, ) by a sum of N 
 2 exponentials:
	At,  A0 
1
N
Ai e
t/i, (1)
with apparent time constants i and amplitudes Ai. The
wavelength-dependent quantities Ai() are the decay-asso-
ciated spectra (DAS) used below. Model II (Eq. 2) assumes
the following distribution f(k) of rate constants:
fk
nnkn1
n
enk, (2)
where k0 is its first moment ( 
 1/k0) and n determines its
width (k0/n) is proportional to its second moment). The
Laplace transform of f(k):
	At,  A0 A11 tn
n
was used as fit function. The specific distribution of rate
constants f(k) used (Eq. 2) was chosen for practical mathe-
matical reasons. It has an asymmetry with respect to its
maximum and serves as a first approximation to the true
distribution. In a reverse procedure the true distribution of
rate constants could be obtained by an inverse Laplace
transform of the absorption transients. Unfortunately, an
inverse Laplace transform is numerically ill conditioned,
and additional numerical procedures (McWhirter and Pike,
1978) have to be applied to get a reasonable set of rate
constants.
In a first analysis using model I, the monoexponential
(N 
 1) and the triexponential (N 
 3) case could be
rejected. For N 
 1, large residuals resulted between fit and
the experimental data, which could be eliminated with the
N 
 2 fit. For N 
 3, unambiguousness of the resulting fit
parameters could not be established. An exhaustive search
analysis (	2) revealed that model I and model II describe the
experimental data equally well. The parameters of the best
fits for each model are summarized in Table 1. In Figs. 3
and 4 the fit results according to model I with N 
 2 and
model II are given. Depicted are the respective DAS Ai()
for excitation at 650 nm (Fig. 3) and 615 nm (Fig. 4)
together with the fit parameters as an inset. The constant
DAS A0() represent the difference spectra at long delay
times, i.e., the difference between the photoproduct and the
initial Pr GSA. A1() and A2() represent the reaction dy-
namics. The two DAS A1(
650) and A2(
650) in the biexpo-
nential model for excitation at 650 nm do not show signif-
icant spectral differences. With excitation at 615 nm,
differences in the relative amplitudes of A1(
615) and
A2(
615) are observed. However, their overall trend and sign
are the same and the 	2 analysis indicates (not shown) that
A1(
615) and A2(
615) become alike in shape when varying
the respective time constants within the confidence interval
of 95%. On these grounds, our results show that in the
picosecond time regime the decay of the excited electronic
state and of the stimulated emission, the Pr ground-state
recovery and product formation exhibit all the same kinet-
ics. In other words, the respective kinetic components of
model I and model II are associated with molecular species
of almost identical spectral characteristics concerning the
respective contributions from SE and ESA. This indicates
that both kinetic components (of model I) belong to loca-
FIGURE 3 DAS Ai of the Cph1-PCB-Pr reaction dynamics (excitation at
650 nm) as evaluated from two fit models. (Left) Distribution of rate
constants (model II); (Right) Sum of two exponentials (model I). The fit
parameters are also listed in Table 1. See Results for definition of DAS.
The height of the symbols represents the statistical error of the DAS at
fixed decay times i.
TABLE 1 Summary of the fit parameters obtained from the analysis of the Cph1-PCB-Pr
reaction dynamics on the picosecond time scale with excitation at 650 and 615 nm,
respectively
exc/nm Fit function Best values 95% probability of match
650 (I) N 
 2 1 
 11.7 ps; 2 
 48 ps 1 
 8.0–14.8 ps; 2 
 32–88 ps
(II)  
 15.7 ps; n 
 1.9  
 14.5–17.1 ps; n 
 1.5–2.7
615 (I) N 
 2 1 
 15.1 ps; 2 
 97 ps 1 
 5.1–22.0 ps; 2 
 35–300 ps
(II) 
19.6 ps; n 
 1.32  
 15.4–23.5 ps; n 
 0.8–2.0
Listed are the time constants i based on a sum of two exponentials (model I) and the time constants  for the
chosen distribution of rate constants (model II). The time constants of model I can be regarded as a measure of
the width of the respective distribution (model II). The second moment of the distribution (model II) is
proportional to 1/n. The last column gives the range of 95% probability for match with the true value.
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tions on very similar excited-state potential energy surfaces.
By this count a heterogeneous excited-state distribution
seems likely. This observation favors the use of a distribu-
tion of rate constants as in model II. In addition, model II
achieves the same 	2 by a reduced (by 1) number of fit
parameters as compared with the biexponential model I.
Furthermore, a distribution of rate constants is highly plau-
sible for a chemical reaction under conformational con-
straints as they occur in proteins. Similar models have been
applied successfully to ligand binding in heme proteins
(Austin et al., 1975; Fraunfelder and Wolynes, 1985). The
underlying concept is that of a distribution of conforma-
tional protein substates and a correspondingly shaped po-
tential energy surface (landscape). Here we suggest that for
a given excitation energy the postulated distribution of
conformational states is associated with a distribution of
kinetic components with very similar spectral characteris-
tics. Excitation at shorter wavelength transfers more energy
to the excited electronic state and is supposed to lead to
slightly changed kinetics and transient spectra (see below).
In summary, the following scenario (see also energy level
scheme in Fig. 5) is suggested for the primary photoreaction
of Cph1-PCB-Pr. Following fast relaxation processes in the
excited electronic state within 100–200 fs (see below) a
local minimum on the S1 surface is reached. From here a
barrier has to be overcome to achieve isomerization and
transition to the Pr electronic ground state and the product
electronic ground state, respectively, according to a reaction
quantum yield of 15% (Lamparter et al., 1997). The barrier
can be overcome by thermal energy and favors again a
distribution of rate constants. With model II the first mo-
ment of this distribution amounts to (15.7 ps)1 (excitation
at 650 nm), but corresponding to its width of n 
 1.9,
significant components of k are found in a much broader
range, i.e., that found in the biexponential fit (model I)
between (8 ps)1 and (88 ps)1 (cf. Table 1). The existence
of an activation barrier in the S1 state was proposed earlier
from temperature-dependent and static fluorescence spec-
troscopy (Sineshchekov et al., 1998) of Cph1-PCB-Pr with
an activation energy of 5.4 kJ/mol and from resonance
Raman studies of oat phytochrome (Andel et al., 1996).
The distribution of reaction rates can be caused by a
heterogeneous distribution of Pr ground-state molecules in
different conformational substates (see below). On the other
hand, a distribution can also be created in the excited
electronic state in response of the chromophore binding
pocket to the electronic excitation, e.g., by breakage of
hydrogen bonds and reorganization of amino acid residues
or protein-bound water molecules.
Excitation at 615 nm instead of 650 nm leads to a
slightly broadened (n 
 1.32 instead of 1.9) distribution
f(k) and a slightly decreased first moment ((19.6 ps)1
instead of (15.7 ps)1); i.e., smaller as well as larger time
constants are observed, but on average the reaction slows
down (cf. Table 1). The broadening of the distribution of
rate constants can be explained by dynamic effects. With
shorter excitation wavelength, more energy is fed into the
excited state, which may result in an altered, e.g., broader
variety of protein responses, and thus in a broader dis-
tribution of conformational states with different potential
energies. This picture is consistent with 1) the observa-
tion (cf. Figs. 3 and 4) that the DAS A1(
615) is broader
than A1(
650), 2) the widths of the respective calculated
excited ESA (Fig. 6, see below), and 3) the observation
(Roelofs, Robert-Ro¨ssle-Klinik, Berlin, personal commu-
nication) that the steady-state fluorescence of Cph1-
PCB-Pr broadens by 5 nm when exciting at 630 nm
instead of 670 nm. Within this picture an excitation-
energy-dependent reaction quantum yield might be ex-
pected, but to our knowledge this has not been observed.
The broadening of the distribution f(k) at higher excita-
tion energy might also reflect a distribution of Pr ground-
state conformations. This would show up in Pr-Pfr dif-
ference spectra when the Pr3Pfr transition is carried out
at different excitation wavelengths, whereby different
FIGURE 4 DAS Ai of the Cph1-PCB-Pr reaction dynamics as in Fig. 3
but with excitation at 615 nm.
FIGURE 5 Simplified energy level diagram of the photo-induced reac-
tion of Cph1-PCB-Pr. Included are photoexcitation (  ), fluorescence
(– – –), fast relaxation and a barrier on the S1 surface, and finally the
branching reaction toward the product state lumi-R and the Pr ground state.
The circle at the barrier symbolizes a distribution of barrier heights leading
to a distribution of barrier-crossing rate constants.
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sub-ensembles of the Pr state would be transformed to
respective sub-ensembles of the Pfr state. To our knowl-
edge, such a wavelength-dependent effect has not been
observed either. Thus, either the Pr ground-state hetero-
geneity is small or fast equilibration occurs on the time
scale of the Pr3Pfr transition. However, indications of a
limited heterogeneity are given in the DAS A0(
650) and
A0(
615) in Figs. 3 and 4 as well as in the late difference
spectra of Fig. 7. A0(
615) exhibits stronger negative
contributions on the high-energy side than A0(
650). On
the other hand, the zero crossing of the signal in the
difference spectra (Fig. 7) at 680 nm is the same for both
excitation wavelengths. In any case, the respective sig-
nals are small and the differences can hardly be regarded
as significant. Therefore, the heterogeneity of the Pr
ground state results at most in a narrow distribution.
Excited electronic state and photoproduct
The absorption spectra of the excited electronic state and of
the ground-state photoproduct can be obtained approxi-
mately from the transient difference spectra (Fig. 2), the Pr
electronic GSA, and the 3-corrected stationary fluores-
cence spectrum of Cph1-PCB-Pr (Sineshchekov et al.,
1998). At long delay times the experimental difference
spectrum is a superposition of only the Pr GSA and the
ground-state spectrum of the photoproduct. To obtain a
fairly smooth and only single-peaked and positive spectrum,
a certain fraction of the Pr GSA (
GSA) was added to the
temporally constant difference absorption spectrum. This
procedure is arbitrary to some extent but seems appropriate
to give a rough idea about the spectrum of the photoproduct
(Fig. 7). As already indicated by the small amplitude of the
late difference absorption spectra, the resulting product
spectra (obtained for excitation at 650 and at 615 nm)
reproduce closely the shape of the Pr absorption spectrum
(GSA) as included in Fig. 7 for comparison. On the time
scale of our experiments (500 ps) no further changes in the
signal amplitude were observed. Hence, the photoproduct is
identified with a form of lumi-R as it has been characterized
for plant phytochromes by time-resolved and low-tempera-
ture absorption studies (Braslavsky et al., 1980; Eilfeld and
Ru¨diger, 1985; Cordonnier et al., 1981; Ruzsicska et al.,
1985; Inoue et al., 1990; Scurlock et al., 1993a,b; Zeidler et
al., 1998).
Similarly, the spectrum of the excited electronic state can
be calculated from the early experimental difference spec-
trum. The latter consists of contributions from Pr ground-
state bleach, SE, and ESA. Knowing the residual amount of
Pr GSA at late times (
GSA) and the Cph1-PCB-Pr reaction
quantum yield of 15%, the initial amount of Pr GSA in the
early difference spectra was determined and subtracted from
the difference spectra averaged in the 0.5–1.9-ps time win-
dow. Next, the contribution of stimulated emission was
subtracted by adding a suitable amount of the 3-corrected
stationary fluorescence spectrum of Cph1-PCB-Pr until an
entirely positive spectrum was obtained. Again, this proce-
dure is arbitrary to some extent because the amount of SE
cannot be determined accurately. The approximate ESA
spectra (650- and 615-nm excitation, respectively) are
shown in Fig. 6. They peak at 660 nm with a small red
shift (10 nm) and a small broadening (6 nm) when
exciting at 615 nm.
In comparison, the spectrum of the product (Fig. 7) and
the excited state (Fig. 6) show considerable overlap with the
Pr ground-state spectrum. With respect to the latter, the
product spectrum extends more to the red as indicated
already in the late difference spectra in Fig. 2. The excited-
electronic-state spectrum, however, extends to the blue and
to the red part of the spectrum up to 900 nm (data not
shown). It cannot be excluded, though, that excited state and
product state carry oscillator strength in parts of the spec-
FIGURE 6 Calculated spectra of the ESA after excitation of Cph1-
PCB-Pr at 650 nm (F) and 615 nm (E). The spectra represent a weighted
sum of the respective Pr difference spectrum after 1 ps, the GSA, and the
SE spectrum (3-corrected fluorescence).
FIGURE 7 Calculated spectra of the photoproduct (lumi-R) after exci-
tation of Cph1-PCB-Pr at 650 nm (F) and 615 nm (E). The spectra
represent a weighted sum of the respective Pr GSA and the late difference
spectrum (constant) as described in the text.
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trum not examined here, i.e., outside the range of 430–900
nm.
Femtosecond time regime
The experiments on the time scale below 1 ps were
performed using a NOPA for excitation and another one for
probing, resulting in a shorter instrumental response func-
tion of 45 fs FWHM. In Figs. 8 and 9, absorption tran-
sients of Cph1-PCB-Pr at different probe wavelengths after
excitation at 650 and 615 nm, respectively, are shown
together with the instrumental response function. The probe
laser covers the range from 670 to 720 nm. The negative
sign of the signals indicates that they are dominated by
ground-state bleach and/or SE. With increasing wavelength,
the relative amount of SE increases with respect to the
contribution of ground-state bleach (cf. Figs. 2 and 6). The
main feature of all kinetics shown is a delayed rise of the
signals. The data were fitted with a sum of exponentials
convoluted with the IRF. The kinetics appear to be com-
posed of a delayed onset of the signal and at least one
exponential term in the fit function, characterized by a small
amplitude and a time constant of 150  100 fs at both
excitation wavelengths. At 300 fs after experimental time 0,
a signal level is reached that is stationary on the time scale
of a few picoseconds. The decay is characterized by the
longer time constants described above.
In general, photoexcitation of a protein-bound chro-
mophore is followed by fast intra- and intermolecular re-
laxation processes that transform the system from the ini-
tially populated Franck-Condon states to the respective
equilibrium structure. If the excitation is fast enough, the
response of the molecular system will consist of a coherent
part and a dissipative part. Coherent nuclear motion along
specific vibrational modes occurs with the propagation of
the wave packet that is initially formed by the short and
hence spectrally broad excitation laser pulse. Indication for
such a wave-packet motion is given by oscillatory compo-
nents in the transient absorption signal as shown in Fig. 8.
They fade away within the first picosecond, are of small
amplitude, and do not show a regular periodic pattern; i.e.,
they consist in a superposition of contributions with differ-
ent oscillatory periods. Here it should only be noted that
despite the large number of vibrational degrees of freedom
as found in a system like the tetrapyrrole in the Cph1
protein, a coherent component is still discernible. Similar
observations have been reported for other chromoproteins
such as photosynthetic reaction centers (Spo¨rlein et al.,
1998; Vos et al., 2000) and retinal proteins (Ye et al., 1999;
Wang et al., 1994; Zinth et al., 2000). Excited-state and
ground-state dynamics seem to be sufficient for their inter-
pretation.
The dissipative component of the molecular response
comprises processes such as energy relaxation into the
vibrational manifold and orientational relaxation of the sur-
rounding amino acid residues and water molecules leading
to a fluorescence Stokes shift of 20 nm in Cph1-PCB-Pr.
Our results demonstrate fast relaxation processes of this
type in Cph1-PCB-Pr on a time scale of a few hundred
femtoseconds. Kinetically, they are clearly separated from
the slower processes on the picosecond time scale.
Primary photoreaction of Cph1-PCB-Pfr
The reaction cycle of Cph1-PCB is completed by a second
photoreaction that converts the stable product Cph1-PCB-
Pfr back to Cph1-PCB-Pr via several thermally driven re-
action steps. The quantum yield of this phototransformation
has been determined to 15% (Lamparter et al., 1997). We
carried out transient absorption experiments with excitation
at 727 nm and selected probe wavelengths at 690, 710, and
760 nm. Because the sample is driven into a Cph1-PCB-Pr/
Pfr mixture during the experiment, care had to be taken to
FIGURE 8 Absorption transients of Cph1-PCB-Pr after excitation at 650
nm at three probe wavelengths as indicated. Shown are the experimental
data, the instrumental response function, and fits involving a sum of
exponentials, convoluted with the instrumental response function.
FIGURE 9 Absorption transients of Cph1-PCB-Pr after excitation at 615
nm at three probe wavelengths as indicated. Shown are the experimental
data and fits involving a sum of exponentials, convoluted with the instru-
mental response function.
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minimize the amount of Cph1-PCB-Pr and selectively to
excite the Pfr form. This was achieved by background
illumination at 632 nm, where depletion of Pr is more
efficient than for Pfr, and by long-wavelength pump at 727
nm, where Pr does not absorb. In this case the absorption
transients are well fitted by a sum of exponentials (model I),
convoluted with the IRF of 500 fs FWHM. The experi-
mental data and the fit results are shown in Fig. 10. The
instantaneous rise of the negative signals at 690 and 710 nm
is followed by a biexponential decay with time constants
around 0.5 ps and 2–5 ps. At 760 nm, the positive signal
rises with a time constant of 1 ps and decays with 5 ps.
A global fit renders the two time constants 540  20 fs and
3.2  0.4 ps. The residual signal amplitudes at long delay
times are stationary on the time scale of our experiment, i.e.,
40 ps. The observed positive and negative signals represent
the contributions of ground-state bleach and SE (to the
negative) and the contribution of ESA and photoproduct
absorption (to the positive). Our results show the existence
of two consecutive reaction steps that follow photoexcita-
tion and lead to the first electronic ground-state product. In
comparison with the Pr photoreaction, the Pfr photoreaction
is significantly faster. The picosecond dynamics is biphasic
and cannot be fitted with a single distribution of rate con-
stants as the picosecond dynamics of the Pr photoreaction
because formation and decay of an intermediate state are
observed (at 760 nm, Fig. 10, bottom). This does not ex-
clude the existence of a distribution of rate constants for
each of the observed reaction steps. Due to the lower time
resolution of this experiment, faster (500 fs) relaxation
steps depopulating the Franck-Condon states cannot be re-
solved but might nevertheless exist. Furthermore, the ques-
tion as to whether both observed steps occur on the excited-
state surface or partly on an electronic ground-state surface
cannot be answered from these results.
Cph1-PEB as a probe for chromophore
protein interaction
PCB and PB are natural bilin chromophores of Cph1 and
plant phytochrome. PEB assembles also with apo-phyto-
chromes (Li et al., 1995) but may be regarded as a blocked
chromophore with the C15AC16 double bond replaced by a
single bond. PEB adducts are thus unable to undergo the
initial photoisomerization step of PCB and PB adducts, a
side effect being the high fluorescence quantum yield of
PEB adducts with a lifetime of 2 ns (Murphy and Lagar-
ias, 1997). Because PEB binds in the same protein environ-
ment as PCB, Cph1-PEB can be used to study chro-
mophore-protein assembly processes as well as non-
isomerizing dynamics induced by photoexcitation. Because
no Z-E isomerization takes place, the processes due to
isomerization can be separated and insight into the different
effects of chromophore-protein interaction can be obtained.
Transient absorption experiments with Cph1-PEB were
performed with excitation in the GSA maximum at 580 nm
and probe wavelengths between 455 and 710 nm with an
IRF of 80 fs FWHM. The fit of the absorption transients on
the time scale of up to 400 ps with an instant rise and
single-exponential decay render a time constant between 0.7
and 2.0 ns (data not shown). This is in accordance with
fluorescence lifetime measurements on several PEB-bind-
ing phytochromes (Murphy and Lagarias, 1997). Difference
spectra on the (slow) picosecond time scale are shown in
Fig. 11. The experimental difference spectrum taken at 60
ps after excitation is shown together with a simulation by a
weighted sum of GSA (bleach) and 3-corrected fluores-
cence (stimulated emission). The shoulder in the experi-
mental difference spectrum at 540 nm is taken to determine
the contribution of GSA, the peak at around 570 nm and the
low-energy side then determine the contribution of SE. The
simulation yields the spectrum of the excited electronic
state, which peaks at 470 nm.
In a second set of experiments the femtosecond time scale
was investigated. In Fig. 12, an absorption transient taken at
640 nm is shown as an example. At this wavelength, the SE
dominates the observed signal. To guide the eye, the exper-
imental data are shown together with a simulation, using a
delayed (40-fs) but instant rise of the signal, convoluted
with the IRF. The small Stokes shift of 8 nm (cf. Fig. 11)
might explain that in our experiments it was not possible to
clearly distinguish between a rise time of the signal (40–150
FIGURE 10 Absorption transients of Cph1-PCB-Pfr after excitation at
727 nm at various probe wavelengths. Shown are the experimental data and
fits by a sum of two exponentials, convoluted with the instrumental
response function. Note that at 690 and 710 nm, 1 and 2 are decay times
whereas at 760 nm, 1 is a rise time and 2 is a decay time. The global fit
yields time constants of 0.54 and 3.2 ps.
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ps) and a delayed onset. Besides this observation, the data
on Cph1-PEB give no indication of further fast processes on
the time scale longer than 150 fs, as in Cph1-PCB.
DISCUSSION
For the study of mechanisms that govern the control of
photoreactions by the protein, phytochrome is an attractive
system because both the Pr3Pfr and the Pfr3Pr photore-
action occur in the same protein binding pocket. In princi-
ple, this provides the special opportunity to characterize the
control mechanisms for two reaction pathways in one pro-
tein environment as compared with the usual one-way pro-
tein-based photoreactions. In the current lack of structural
information about phytochrome at atomic resolution, the
interpretation of spectroscopic data concerning structure-
function relationships is limited. Nevertheless, comparison
of the primary reaction dynamics involving different chro-
mophore configurations, chromophore structures, and pro-
tein environments provide insight into chromophore-protein
interaction and catalytic influence of the chromophore bind-
ing pocket.
The major result of this work is the characterization of the
photo-induced fast reaction dynamics of Cph1-PCB in the
Pr and the Pfr states. After fast (150-fs) relaxation pro-
cesses in the excited electronic state Pr*, the reaction is
preferably described by a distribution of rate constants
centered at (16 ps)1 that leads to the product (and educt)
electronic ground state after crossing a barrier. The Pfr
photoreaction is faster and best characterized as biexponen-
tial with two time constants of 0.54 and 3.2 ps. Because the
experiments described in this work are the first of this kind
on a bacterial phytochrome, it is important to compare the
results with the appreciable wealth of data accumulated for
plant phytochrome A as described in the literature. More-
over, the femtosecond data extend the studies of the Cph1-
PCB reaction cycle reported so far into the picosecond and
femtosecond time regime. Both aspects are discussed in the
following.
Comparison with plant phytochrome A
The fast, primary photoreactions of plant PhyA-Pr have
been studied extensively, although described controver-
sially in the literature. Picosecond time-resolved pump-
probe experiments on pea phytochrome A (Kandori et al.,
1992) revealed a single time constant of 24 ps for product
formation and excited-state decay, whereas similar experi-
ments on oat phytochrome A (Savikhin et al., 1993) resulted
in a biphasic dynamics with time constants of 16 and 50–60
ps. In Andel et al. (1997), it was concluded from transient
absorption experiments that the description of the picosec-
ond reaction dynamics of oat-phytochome-PB-Pr requires
only a single time constant of 24 ps. Nevertheless, a biex-
ponential fit of these transient absorption data is possible
and reveals time constants of 13 and 44 ps. However, the
second component was attributed to the dynamics of a
molecular species formed during the experiment by photo-
degradation of the sample as observed by monitoring the
absorption spectrum of Pr. First, the observed time con-
stants fit qualitatively those observed in our experiments,
i.e., 21 ps for a monoexponential fit (data not shown) and 12
and 48 ps, respectively, for a biexponential fit (cf. Table 1).
Second, in our experiments, photodegradation was not ob-
served and a biexponential fit in the picosecond time regime
clearly gives a better result than a monoexponential fit.
Considering that in the experiments of Andel et al. (1997)
the average time between re-excitation of a specific sample
volume was possibly as short as 0.2 s (in our experiments,
FIGURE 11 Experimental difference absorption spectrum of Cph1-PEB,
60 ps after excitation at 580 nm (f). Simulation (——) of the negative part
of the spectrum is achieved by adding contributions of the GSA (E) and SE
(3-corrected fluorescence, ƒ). The positive part due to the excited ESA
was fitted with a Gaussian line shape (— — —) with peak at 467 nm. The
residuum (bottom) shows the difference between the experimental data and
the sum of GSA, SE, and ESA.
FIGURE 12 Femtosecond absorption transient of Cph1-PEB probed at
640 nm after photoexcitation at 580 nm. The data are simulated with a
delayed (40 fs) but instantaneous rise and a decay on the nanosecond time
scale, including the convolution with the instrumental response function of
80 fs FWHM.
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2 s), full recovery of the photocycle may have been a
problem. Intermediate states could have influenced the dy-
namics measured. Thus, the results of Andel et al. (1997)
are neither consistent nor inconsistent with our results.
Transient absorption data on PB-PhyA-Pr from oat by
Hermann and co-workers (Rentsch et al., 1997; Bischoff,
2000; Bischoff et al., 2001) are described by two kinetic
components in the picosecons time regime. The DAS (2–3
ps and 30 ps, respectively) are shifted by 10 nm with
respect to each other. In addition, a sub-picosecond time
constant of 150–360 fs was determined and a delayed rise
of SE as well as of ESA was observed on the low-energy
side and the high-energy side of the Pr GSA, respectively
(Bu¨chler et al., 1995). From time-resolved fluorescence
experiments also, biphasic kinetics were reported with time
constants of 14 and 45 ps (Hermann et al., 1990). A sequen-
tial reaction scheme was proposed involving a fast relax-
ation on the S1 surface, two successive reaction steps (2 and
30 ps), and finally the branching reaction to the product and
Pr ground state. Again, the time constants in the range
between 10 and 40 ps correspond to our results. On the other
hand, time constants as short as 2–3 ps fall outside the 95%
probability range in the analysis of our data. This discrep-
ancy might originate in the structural differences between
oat phytochrome A and Cph1-PCB or in additional reori-
entational dynamics corresponding to the fast 3-ps compo-
nent.
Further ultrafast transient absorption experiments (Mu¨ller
and Holzwarth, (see above) personal communication) as
well as time-resolved fluorescence experiments (Holzwarth
et al., 1984, 1992) have been performed on PB-PhyA-Pr
from oat. From the fluorescence measurements, excitation-
wavelength-dependent sets of decay time constants were
determined: 5 ps, 45 ps, and 194 ps at 640-nm excitation
and 11 ps, 44 ps, and 160 ps at 660-nm excitation. The
fluorescence maxima were found between 680 and 690 nm.
For the analysis of the transient absorption data, the ap-
proach of a Laplace transform of the entire data set was
chosen. The result is a distribution of rate constants with
significant contributions between (15 ps)1 and (50 ps)1.
On the femtosecond time scale, kinetics with time constants
of 100 fs were observed. Both the time constants from
fluorescence and from transient absorption data agree qual-
itatively with our results. The changes of the time constants
deduced from the fluorescence decay are consistent with our
observation of a broadening of the distribution f(k) when
exciting at shorter wavelength. The stated width of the
distribution of rate constants in recombinant oat-PhyA-Pr
with PB- and PCB-chromophores, respectively, was in
accordance with our findings on Cph1-PCB-Pr. Equally, the
sub-picosecond time constants found in oat-phytochrome-Pr
are consistent with those found in Cph1-PCB-Pr, although
in the latter, the strong spectral overlap between ESA and
stimulated emission prevented the disentanglement of the
contributing processes.
Our results on the Pfr photoreaction are in qualitative
accordance with results for oat-PB-PhyA-Pfr in the liter-
ature (Mu¨ller and Holzwarth, (see above) personal commu-
nication; Bischoff et al., 1998, 2001; Rentsch et al., 1998;
Bischoff, 2000). The Pfr photoreaction is reported to follow
a sequential dynamics described by time constants in the
range between 150–650 fs and 2–5 ps.
A general difference between plant phytochrome A and
Cph1-PCB concerns not only the absolute but also the
relative positions of the maxima of the Pr-, lumi-R, and Pfr
absorption bands. In type A plant phytochromes and in
Cph1, the absorption spectra of the Pr and Pfr forms un-
dergo a blue-shift of10–14 nm when exchanging PB by
PCB (Schmidt et al., 1996; Remberg et al., 1997). Beyond
it, the spectra of Cph1-PCB-Pfr and the first photoproduct
of the Pr form (lumi-R, see below) exhibit an additional
10–30-nm blue-shift as compared with the respective spec-
tra in oat PhyA phytochrome (in oat-phytochrome-PB the
max values of Pr, lumi-R, and Pfr are 665, 680, and 730 nm,
respectively (Bischoff, 2000), whereas in Cph1-PCB the
respective max values are 656, 660, and 703 nm (see
above)). In other words, the max of lumi-R and Pfr in Cph1,
presumably both in C15-E configuration (see below), are
closer to the max of the parent-state Pr than the max of the
lumi-R and Pfr in oat-PhyA. This difference is likely to
reflect distinct structures of the chromophore binding
pocket in PhyA and Cph1, which apparently affect the
static, spectral properties of the C15-E configurations more
than the respective kinetics. Possibly, the same structural
motif is responsible for the increased blue-shift of the Cph1-
PCB-Pfr spectrum and that of the first photoproduct.
In summary, the fast dynamics reported for plant phy-
tochrome A agree qualitatively with our observations on
Cph1-PCB. This concerns both, the Pr3Pfr and the
Pfr3Pr photoreaction at room temperature with the ex-
ception that a time constant of 2–3 ps seems to be absent
in the Cph1-PCB-Pr data. Especially the persistent ob-
servation of at least two time constants between 10 and
50 ps is consistent with the picture of the Cph1-PCB-Pr
reaction dynamics obtained in this work, i.e., either a
relatively broad distribution of rate constants or multiex-
poential sequential reaction kinetics. It appears as char-
acteristic for both plant phytochromes and Cph1-PCB
that at room temperature the ultrafast photo-induced
isomerization dynamics show a relatively slow Pr photo-
reaction (possibly better described by a distribution of
rate constants), whereas the pronounced biexponential
Pfr photoreaction is relatively fast. This similarity in the
fast photodynamics of plant phytochrome and Cph1 may
be of interest from an evolutionary point of view. Of
known prokaryotic phytochrome-like proteins, Cph1 is
the closest relative to plant phytochromes, yet it is much
more distant from the plant phytochrome group than is
any plant phytochrome. Thus, it is remarkable that at
room temperature the basic properties of the photo-in-
Femtosecond Dynamics of Bacterial Phytochrome 1013
Biophysical Journal 82(2) 1004–1016
duced reaction dynamics of plant and cyanobacterial
phytochromes are very similar.
Chromophore-protein interaction
and isomerization
The effect of the protein environment on the reaction dy-
namics of the chromophore is demonstrated by comparison
of the protein-bound photoreaction and the photoreaction in
solution. Experiments on the photo-induced reaction dy-
namics of PCB in solution (Bischoff et al., 2000) show time
constants of 3 and 30 ps, which are attributed to different
chromophore configurations. These observations are in con-
trast to our findings regarding the dynamics of the Pr as well
as the Pfr photoreaction and point at the specification of the
photoreaction by the protein environment. Because no
structure of phytochrome at atomic resolution is available,
the direct comparison of chromophore structures and related
time constants is not possible. However, information about
the chromophore-protein interaction can be obtained from
the experiments on Cph1-PEB, in which isomerization is
inhibited. In PEB, the conjugated -electron system is trun-
cated between rings C and D in comparison with PCB; thus,
ring D is electronically decoupled. This leads to a blue-
shifted GSA but might as well be the reason for the smaller
fluorescence Stokes shift of 8 nm as compared with 20
nm in Cph1-PCB-Pr (cf. Figs. 2. and 11). Further, in Cph1-
PEB the ESA appears centered at 466 nm, 100 nm blue-
shifted with respect to the GSA, whereas in Cph1-PCB-Pr
both spectra show considerable spectral overlap. This could
indicate that the interaction between the chromophore and
its protein binding pocket in Cph1-PCB-Pr is of a more rigid
nature along rings A–C and of a more flexible nature around
ring D where isomerization takes place.
In contrast to Cph1-PEB, isomerization takes place in
Cph1-PCB, and the experiments described here observe the
excited state and its decay into the product states for the
photoreactions of both the Pr and the Pfr form of cyanobac-
terial phytochrome (Cph1-PCB). The product states are
precursors of or even identical with the lumi-R (Remberg,
1997) and lumi-F (Foerstendorf et al., 2000) intermediates,
respectively, suggested as early intermediate states in the
course of the Pr and Pfr photoreaction of Cph1. Lumi-F was
characterized by low-temperature trapping experiments
(Foerstendorf et al., 2000). Lumi-R cannot be trapped in this
way (Sineshchekov et al., 1998; Foerstendorf et al., 2000),
and at low temperatures its photochemical activity is inhib-
ited in Cph1-PCB-Pr, whereas in oat phytochrome it per-
sists (Sineshchekov et al., 1998). This was attributed to a
heterogeneity of the Pr ground state of oat phytochrome
(Sineshchekov, 1995a,b). According to this model, two
types of PhyA exist, phyA and phyA, with different acti-
vation barriers Ea in the excited electronic state, i.e., some
hundred J/mol and 4.5 kJ/mol, respectively. Cph1-PCB
resembles type A and phyB, which shows reduced reactiv-
ity at lower temperatures. It is assumed that the high acti-
vation barrier in Cph1-PCB is linked to the Z-E isomeriza-
tion and is caused, e.g., by steric constraints in the protein
binding pocket or stronger hydrogen bonding between chro-
mophore and protein. This picture (Sineshchekov et al.,
1998) is consistent with our observations.
The question is when the C15 double bond isomerization
takes place in the course of the Cph1-PCB-Pr and -Pfr
photoreaction. This cannot be answered directly by the
experiments described here. But the close similarities be-
tween RR and FTIR spectra of oat-phytochrome-Pr and
Cph1-PCB-Pr as well as between those of the respective Pfr
states (Matysik et al., 1995; Foerstendorf et al., 1996, 2000;
Remberg et al., 1997) indicate that rotation of ring D,
established for the lumi-R state of oat phytochrome, is also
accomplished in the lumi-R state of Cph1-PCB. However,
torsional dynamics of the chromophore in plant phyto-
chrome in general and in particular the state of rotation or
isomerization around the C15 single bond connecting rings
C and D is currently under discussion (Matysik et al., 1995;
Andel et al., 1996). In Fig. 1 only one possibility is shown,
the twofold isomerization around both the C15 single and the
double bond from C15-Z, anti in Pr (Fig. 1 A) to C15-E, syn
in Pfr (Fig. 1 B). It was suggested (Matysik et al., 1995;
Andel et al., 1996) that Z-E (E-Z) isomerization takes place
during the Pr3lumi-R (Pfr3lumi-F) transition, whereas
C15 single bond rotation occurs in one of the subsequent
steps.
Note that the reverse Pfr photoreaction is clearly faster
than the forward Pr photoreaction. This observation holds
equally for phytochrome of plants and for cyanobacterial
phytochrome Cph1-PCB. In fact, the Pfr photoreaction is
reminiscent of trans-cis photoisomerizations found in reti-
nal proteins (Ottolenghi and Sheves, 1995, for review; Arlt
et al., 1995; Lutz et al., 2000; Zinth et al., 2000). Both the
low-fluorescence quantum yield (Sineshchekov et al., 1998)
and the short time constants reported here indicate a barrier-
free potential energy surface crossing between the excited
state of Pfr and the photoproduct. In contrast, the Pr pho-
toreaction is characterized by longer time constants and an
activation barrier on the excited-state surface. The different
shapes of the respective potential energy surfaces, espe-
cially the strong asymmetry with respect to the reaction
rates, must be associated with distinct chromophore config-
urations and altered chromophore-protein interaction. Fur-
ther experiments on modified chromophores, as for exam-
ple, those on Cph1-PEB, and on mutants will elucidate the
role of specific constituents in the chromophore binding
pocket that might control the phytochrome reaction dynam-
ics. Among them, local charges are expected to play an
important role for the control of reaction rates as has been
demonstrated in bacteriorhodopsin (Kobayashi et al., 1990;
Song et al., 1993; Heyne et al., 2000).
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